Autophagy is intimately associated with eukaryotic cell death and apoptosis. Indeed, in some cases the same proteins control both autophagy and apoptosis. Apoptotic signalling can regulate autophagy and conversely autophagy can regulate apoptosis (and most likely other cell death mechanisms). However, the molecular connections between autophagy and cell death are complicated and, in different contexts, autophagy may promote or inhibit cell death. Surprisingly, although we know that, at its core, autophagy involves degradation of sequestered cytoplasmic material, and therefore presumably must be mediating its effects on cell death by degrading something, in most cases we have little idea of what is being degraded to promote autophagy's pro-or anti-death activities. Because autophagy is known to play important roles in health and many diseases, it is critical to understand the mechanisms by which autophagy interacts with and affects the cell death machinery since this will perhaps allow new ways to prevent or treat disease. In the present chapter, we discuss the current state of understanding of these processes.
Introduction
Autophagy delivers cytoplasmic components to lysosomes for degradation and recycling of the degradation products, such as amino acids, carbohydrates and lipids that are used to synthesize new proteins and organelles or metabolized to supply energy. Of the three main types of autophagy in mammalian cells, microautophagy, chaperone-mediated autophagy and macroautophagy, by far our best understanding of how autophagy regulates cell death relates to macroautophagy. In macroautophagy, which will simply be referred to as 'autophagy' from now on in the present chapter, a double-membrane structure, called the autophagosome, sequesters proteins, organelles and other cytoplasmic components then fuses with lysosomes for degradation. Th e central problem in understanding how autophagy regulates and is regulated by cell death mechanisms is therefore to understand how the sequestration and degradation of cellular components in autophagosomes and autolysosomes aff ects apoptosis and other death pathways and, conversely, how apoptosis may regulate autophagy. Th e term 'autophagy' is oft en used to mean both the formation of autophagosomes and the full process whereby the autophagosome's contents are subsequently degraded aft er fusion with the lysosome. It is important to remember that these two things are not necessarily the same. When we refer to 'autophagic fl ux' , we mean that the whole process took place and something was degraded. However, one can imagine situations where the eff ect on the cell could be not due to the fl ux, but instead caused just by the formation of the autophagosomes themselves and, as will be discussed below, we now know that some mechanisms whereby cell death is regulated involve autophagosomes, but not necessarily autophagic fl ux, whereas others involve autophagosome formation and fl ux.
A considerable amount of research has been carried out in recent years in this area (for recent reviews see [1, 2] ). Much of this interest has been driven by the fact that manipulation of autophagy holds great promise for improving treatment of diverse diseases [3] with the central idea being that both diseases where we want to kill cells (e.g. cancer) and diseases where we want to improve cell survival (e.g. neurodegenerative disease) could benefi t by manipulation of autophagy. However, as discussed below, the connections between autophagy and cell death are complicated. Th us before the practical application of autophagy manipulation can be undertaken to prevent or treat disease can be undertaken successfully, we need to understand how these complications will aff ect our plans.
An important concept that is oft en underappreciated is that, even when autophagy modulates the amount of cell death in a particular context, this need not indicate a direct mechanistic connection between the process of autophagy and the process of cell death. For example, it is well established that autophagy can protect against neurodegenerative disease [4] ; indeed, neural defi ciency in autophagy is suffi cient to cause neurodegenerative disease [5, 6] . Since neurodegenerative disease is ultimately caused by neurons dying, the obvious conclusion is that autophagy prevents neurons from dying. However, this does not necessarily mean that in this context the process of autophagy interacts with the process of apoptosis and directly inhibits it. Instead the simpler (and the evidence suggests more likely) explanation for this protection is that neurodegenerative disease is oft en caused by toxic protein aggregates, and since autophagy is a process that degrades proteins, autophagy protects neurons by ensuring that the toxic stimulus (i.e. the protein aggregates) are disposed of and never have a chance to activate cell death mechanisms. Th is appears to be the case in autophagy-defi cient mice, where aggregates of ubiquitin-containing proteins are found in the autophagy-defi cient neurons and it is these aggregates that are normally removed by autophagy that activate cell death pathways [5, 6] . Similarly, autophagy can protect cells against nutrient and growth factor deprivation and under such circumstances autophagy inhibition leads to apoptosis [7, 8] . However, this does not necessarily mean that autophagy was inhibiting apoptosis pathways in this case. It could simply mean that autophagic degradation of existing cellular macromolecules provides the nutrients and energy needed to maintain the essential functions required for cell survival during starvation, and that the cell therefore never activates the apoptosis pathway in the fi rst place. In the present chapter, we focus not on cases like this where autophagy regulates cell death indirectly by altering the presence or absence of an upstream signal that eventually activates death pathways. Instead, we will focus on the questions such as, does the process of autophagy whereby certain substrates are degraded in the lysosome control the cell death machinery? And, how do the proteins that control autophagy interact with and regulate the cell death machinery?
Autophagy as a promoter of cell death
Mammalian cell death occurs by multiple mechanisms some of which are deliberate 'suicide' that are clearly programmed and some of which seem to be accidental or the result of damage [9] . Apoptosis is by far the best-described programmed death mechanism and it is now also clear that necrosis can be programmed in many instances. It has been proposed that 'autophagic cell death' is another type of 'active' programmed death [10] . Th e suggestion that autophagic cell death occurs came about on the basis of the frequent observation that cell death is often accompanied by high levels of autophagosomes and features of active autophagy. However, just because cells that will die induce autophagy before their demise, does not necessarily implicate a causal relationship between the autophagy and cell death. Indeed, high levels of autophagy could be an indication that the cell is attempting to survive by inducing autophagy and that it is only when this eff ort fails, that death occurs. Th us the question is: does the process of autophagy actually lead to the death of the cell? Th ere are many publications in the literature concluding that death stimuli in mammalian cells and non-mammalian systems are caused by autophagy [11] ; however, whether these situations are a case of autophagy being upstream of apoptosis or autophagy killing the cell by a mechanism that has nothing to do with the other established death mechanisms such as apoptosis is oft en unclear. So, does autophagy kill cells and, if so, how?
One situation where autophagy may cause cell death is in situations where the cell has no ability to activate canonical apoptosis, which is usually the preferred mechanism of death. One of the fi rst such examples was described in cells from BAX and BAK double-knockout mice, which lack the two main proteins that regulate the release of mitochondrial proteins during apoptosis. Th ese cells are severely compromised in apoptosis and do not display any activation of pro-apoptotic caspases, but still die in response to stimuli such as DNA damaging agents [12] (in fact most stressful stimuli that kill cells by inducing apoptosis generally still kill cells when apoptosis is prevented). Th is non-apoptotic death was dependent on autophagy regulators ATG5 (autophagy-related protein 5) and Beclin1 and knockdown of these genes was sufficient to provide long-term protection to the cells aft er treatment with death stimuli. Th is implies that, in the absence of apoptosis, the DNA damage activates autophagy that kills the cells. In another example, pharmacological inhibition of caspases was found to induce death of L929 fi broblasts and this too was reported to rely on autophagy regulators but not apoptosis [13] and to involve autophagic degradation of catalase that ultimately led to increased ROS (reactive oxygen species) that killed the cells [14] . It is unclear whether the explanation of catalase degradation being the ultimate cause of the death applies more broadly to other situations © The Authors Journal compilation © 2013 Biochemical Society of autophagic cell death or just to the caspase inhibitor-treated L929 cells. However, the major concern with these examples is that they represent a very artifi cial situation. Normal cells are probably never as defective in apoptosis as BAX/BAK double-knockout murine embryonic fi broblasts. Th us even if autophagy is inducing cell death in these contexts, this may be merely a refl ection that the cells use this pathway to die because they have no other option rather than an indication that autophagy is a bona fi de death mechanism that is able to promote death in cells under more normal circumstances.
Forced expression of oncogenic Ras was reported recently to induce very high levels of autophagy that led to autophagy-dependent death and loss of clonogenic capacity in an ovarian cancer cell line [15] . Cell death occurring aft er proliferative arrest, was inhibited by pharmacological and genetic inhibition of autophagy and was not associated with any detectable caspase activation or other markers of apoptosis. However, unlike the examples above where apoptosis was artifi cially blocked, the dying cells, as described in the study by Elgendy et al. [15] , were still able to activate canonical caspase-dependent apoptosis in response to other stimuli, i.e. they are not unable to activate caspase-dependent apoptosis, they just do not do so in this instance. Interestingly, death in this case required Ras-induced expression of NOXA, a Bcl family protein that is well known as a regulator of p53-induced apoptosis [16] . Examples like this one suggest that autophagy can induce cell death even in cells where apoptosis has not been artifi cially blocked. However, this example is also rather artifi cial; the death stimulus was a massive forced overexpression of a mutated signalling protein and one might therefore reasonably wonder if it is physiologically signifi cant.
However, under certain circumstances, the process of autophagy does indeed seem to promote cell death under normal physiological situations. Th e best understood examples occur during the cell death events that drive tissue remodelling occur during Drosophila development [17] [18] [19] . However, it is important to note that even in these cases, it does not necessarily follow that autophagy alone kills the cells. Instead, these examples of autophagy-dependent cell death under physiological conditions are largely due to autophagy making other death pathways (especially caspase-dependent apoptosis) more likely. For example, during Drosophila oogenesis, autophagy controls developmental cell death by selectively degrading the protein dBRUCE (Drosophila baculovirus inhibitor of apoptosis repeat-containing ubiquitin-conjugating enzyme), which itself functions to inhibit caspase activation [19] (Figure 1 ). Th us, in this case, autophagy promotes cell death by degrading a particular target that itself acts as a negative regulator of caspase activity thus stimulating higher levels of caspase activity, i.e. something that we would normally classify as being a form of apoptosis [10] . Additionally, at least some developmental cell death in fl ies occurs in an autophagy-dependent but caspase-independent manner [20] , although in this case the underlying target that is degraded by autophagy and which causes the caspase-independent death is unclear.
Th e dBRUCE example is a case where autophagic fl ux is necessary for the eff ect on cell death, that is, the dBRUCE protein was degraded and this is why apoptosis was stimulated. Sometimes, however, autophagosome formation is important but fl ux is not. An example comes from recent work where it was shown that autophagosomes induce apoptosis by serving as a platform on which caspases (specifi cally caspase-8) can be activated [21] . Th is mechanism does not necessarily require any actual degradation of autophagosome cargo and so may not indicate a need for autophagic fl ux in order to get induction of apoptosis and cell death. However, it does still require the core autophagy machinery that is required for autophagosome formation. Th is distinction has important practical implications. Suppose we wanted to block disease-associated apoptosis where autophagy is involved by a fl ux-dependent or a fl ux-independent mechanism; how would this aff ect the intervention in the autophagy process that is needed to achieve the goal of inhibiting apoptosis? In a case such as that in fl y oocytes where autophagic fl ux and degradation of a substrate is required to alter sensitivity to apoptosis, it may be suffi cient just to block the degradation step without aff ecting autophagosome formation in order to get the result you want. Th is can be carried out by inactivating lysosomes and we actually have drugs such as chloroquine that can do this. However, if the way that autophagy promotes apoptosis is because autophagosomes serve as a platform on which caspase activation is achieved, then just blocking the lysosome would have no eff ect. Instead, in this case, an intervention would need to prevent formation of the autophagosomes if you want to prevent apoptosis.
Th us although it seems clear that autophagy can promote cell death and the literature is fi lled with examples where claims of 'autophagic' death can be found, we still lack a detailed understanding of whether this can really occur under normal situations in a manner that is truly independent of other better established death mechanisms such as caspase-dependent apoptosis. And, in most cases, it is quite unclear how autophagy, i.e. a process that degrades things, is mediating its eff ects. Th e example of dBRUCE degradation [19] suggests that there may be other pro-survival signalling proteins that, if degraded, would lead to autophagydependent death. However, although it makes sense that they should exist, the full spectrum of such molecules is unknown. Without knowing what autophagy has to degrade in order to cause cell death, one cannot claim to understand mechanisms of autophagy-dependent death.
Autophagy as a protector against cell death
Although autophagy has been described as a death mechanism, the current consensus is that autophagy's role with regard to cell death is primarily protective [22, 23] . However, as noted In Drosophila oocytes, apoptotic cell death occurs via caspase-3. Autophagy targets and degrades dBRUCE, an inhibitor of apoptosis, to promote apoptosis. Therefore inhibition of auto phagy prevents nurse cells in late oocytes from causing apoptotic cell death. In some mammalian cells, overexpression of oncogenic mutated RAS increases autophagy level and leads to cell death that is dependent on autophagy but not apoptosis.
above, we need to be careful not to be confused by protective eff ects that, although real, are not necessarily indicative of a direct functional role of autophagy in blocking the death machinery. As explained above in the case of aggregate-prone proteins killing neurons, autophagy might protect without having any direct eff ect on the death pathways that actually carry out programmed cell deaths. With this in mind, how good is the evidence that autophagy and, in particular, autophagic fl ux to degrade cargo sequestered in autophagosomes directly inhibits apoptosis (or other death pathways)?
Th e fi rst thing to consider is that autophagy has been reported to protect against a very diverse set of death stimuli. For example, a myriad of diff erent chemotherapeutic agents used in cancer treatment have been reported to be sensitized by autophagy inhibition [24] , implying that in each case autophagy is acting to reduce death in response to the chemotherapy in question. Since these agents work by very diverse means (e.g. DNA damage, interference with metabolic pathways, inhibition of steroid receptors, disruption of cytoskeleton, interference with growth-promoting kinase pathways, activation of cell-surface death receptor signalling and inhibition of the proteasome), it is hard to imagine that autophagy could always be merely working to remove a toxic stimulus as we discussed in the case of aggregated proteins in neurodegenerative disease. Instead, since the vast majority of these instances of autophagy protecting against cell death are in fact protection against apoptotic death, a simpler explanation would be that autophagy directly inhibits the apoptotic machinery.
Apoptosis is usually considered to occur by two distinct, but connected, pathways. Th e extrinsic pathway occurs aft er activation of death receptors such as Fas/CD95 or the TRAIL (tumour-necrosis-factor-related apoptosis-inducing ligand) receptors [25] and these pathways are well understood and have even been mathematically modelled [26] . Following ligand binding to the receptor, an adaptor protein called FADD (Fas-associated death domain) is recruited to the active receptor. FADD recruits the inactive pro-form of caspase-8 and this receptoradaptor-caspase complex, which has been called DISC (death-inducing signalling complex), allows the dimerization and catalytic activation of caspase-8. Proteolytically active caspase-8 then cleaves itself and either directly cleaves the eff ector caspase, caspase-3, or more commonly cleaves a protein called Bid, which translocates to the mitochondria to cause activation of the intrinsic apoptosis pathway. Other apoptotic stimuli also use the intrinsic pathway, which is activated by pro-apoptotic BH3 (Bcl-2 homology domain 3)-only proteins from the Bcl family of apoptosis regulators (Bid is one of this family) that induce mitochondrial permeabilization causing release of cytochrome c and other mitochondrial proteins. Cytochrome c binds to a scaff olding protein called Apaf1 to form a framework called the apoptosome for caspase-9 activation (i.e. the apoptosome functions rather similarly to the DISC in that it creates a scaff old on which dimerization of the caspase that will start the ball rolling, caspase-8 for the DISC and caspase-9 for the apoptosome). In both pathways, small amounts of active caspase-3 (and caspase-7) are rapidly amplifi ed through self-cleavage and cleavage of other caspases such as caspase-6, and the resulting burst of high-intensity caspase protease activity cleaves hundreds of proteins to result in the common morphology (e.g. cellular fragmentation, contraction and breakup of the nucleus) that is seen as apoptosis.
Given the very large number of examples where autophagy protects against apoptosis, it is somewhat surprising that we have few mechanistic examples which can explain how autophagy inhibits the apoptotic machinery. Th us, although hundreds of papers convincingly demonstrate that autophagy protects against apoptosis in response to very diff erent stimuli, the key mechanistic question, what is it that autophagy is degrading to do this, is unknown for the vast majority of cases. One exception comes from examination of the eff ects of autophagy on TRAIL receptor signalling. As mentioned above, death receptors work in a quite straightforward way, the activated receptor recruits caspase-8 to the DISC and it is the catalytic activation of this caspase that initiates the cascade of proteolysis that leads to apoptosis. It has been reported that autophagy can inhibit TRAIL-induced apoptosis and at least in part and in certain cell lines, this appears to be due to autophagic degradation of cleaved caspase-8, but not the uncleaved (and inactive precursor) [27] (Figure 2) . However, other mechanisms that would more generally apply to apoptosis whereby autophagy could inhibit the core apoptosis machinery have not yet been identifi ed. One possibility is that since autophagy degrades mitochondria (a process known as mitophagy), this reduces the sensitivity of cells to apoptotic stimuli. However, since mitophagy occurs preferentially for impaired mitochondria with low membrane potential [28, 29] and apoptosis involves the release of mitochondrial proteins from all or almost all the mitochondria in the cell, it is not immediately obvious why this on its own would lead to apoptosis inhibition by autophagy unless the mitochondrial mass was greatly reduced, which in most cases is not the case.
Th us a major open question in the fi eld is to determine how autophagy has generally inhibitory eff ects on many apoptotic stimuli. One more radical possibility is that autophagy does not generally regulate the core apoptosis machinery, rather that autophagy regulators do so but in an autophagy-independent fashion. It is these activities that are responsible for the observed inhibitory eff ect of autophagy on apoptosis stimuli. Th e conclusion that autophagy protects against apoptosis is on the basis of the following type of experiment. An apoptotic stimulus (e.g. a chemotherapy drug) is shown to have increased eff ectiveness (i.e. it kills more cells at an intermediate dose) when autophagy is blocked either pharmacologically or genetically. By far the most common pharmacological inhibitors that have been used in the studies reported to date are agents that aff ect the lysosome, most commonly chloroquine. For genetic inhibition, the most common genes that are targeted are those encoding ATG proteins that are required for autophagosome formation [most oft en ATG5, ATG7, ATG12 or Beclin1, although sometimes other core ATGs such as LC3 (light-chain 3) are also targeted], and the inhibition is most commonly carried out by RNA interference. Th e rationale behind these experiments is that the inhibition of autophagy is specifi c, i.e. autophagy and only autophagy is inhibited by the inhibitor and if sensitivity to apoptosis is increased, this means that autophagy inhibited apoptosis. Th e problem is that these conclusions may be mistaken because the rationale is not correct, the manipulation may not truly be specifi c for autophagy. Th is is not too surprising with pharmacological inhibitors of autophagy, which are well known to be non-specifi c, e.g. chloroquine inhibits lysosomes and lysosomes do other things (including regulation of apoptosis) that may be unrelated to autophagy. Indeed, a recent paper demonstrated that chloroquine can sensitize cancer cells to anticancer drugs in an autophagy-independent manner [30] .
In fact, the same thing is true for the ATG genes that regulate autophagy; the proteins they encode do not just regulate autophagy, they also regulate other processes, especially apoptosis ( Figure 3 ). Th us, for example, ATG7 interacts with and controls p53 [31] . ATG12 can regulate apoptosis by two quite separate autophagy-independent mechanisms [32, 33] , and ATG5 can also regulate apoptosis independently of autophagy [34] . UVRAG (UV radiation resistance-associated gene) induces autophagosome formation as part of the Beclin1 complex [35] , but also regulates BAX activation at the mitochondrial membrane to control the intrinsic apoptosis pathway [36] . Conversely, well-known apoptosis regulators also control autophagy. Th is is particularly evident for members of the Bcl family of proteins. Anti-apoptotic Bcl-2 and Bcl-xL proteins do not just regulate apoptosis; they also inhibit autophagy [37] . In addition, the core autophagy regulator Beclin1 itself possesses one of the domains, a BH3 domain, that defi nes the Bcl family [38] . Moreover, many BH3-only proteins that work in concert with Bcl-2, Bcl-xL and BAX and BAK to regulate mitochondrial permeability [39] also regulate autophagy. As noted above, NOXA can induce autophagy [15] . However, other BH3 proteins, BAD and BNIP3, as well as drugs that serve as BH3 mimetics can disrupt the interaction between Beclin1 and Bcl-xL and promote Examples of autophagy regulators (blue) interacting with apoptosis regulators (grey). ATG5 helps activation of DISC via interaction with FADD. ATG7 and UVRAG can bind and inhibit apoptosis regulators, p53 and BAX respectively; at least theoretically this could explain a mechanism by which some autophagy proteins directly suppress apoptosis. ATG12 binds to anti-apoptotic members of the Bcl-2 family such as Mcl-1 and inhibits their anti-apoptotic activity. Conversely, Bcl-2 (and Bcl-xL) binds and inhibits an autophagy positive regulator Beclin1.
autophagy [40, 41] . Conversely, another pro-apoptotic BH3 protein, BIM (Bcl-2-interacting mediator of cell death), can inhibit autophagy [42] and this is critical in the regulation of starvationinduced autophagy. Another well-known apoptosis regulator, FLIP, also controls autophagy [43] . Th e problem for our experiments which conclude that autophagy regulates apoptosis is clear. Th e experiment may have shown that ATG knockdown altered apoptosis, but this might have been due to an eff ect on an autophagy-independent function of that ATG protein. Additionally since many of these eff ects occur in diff erent directions (a protein promotes death on one instance but inhibits in another), a problem might also arise where a true eff ect could be missed because of these competing eff ects. Imagine a case where an apoptotic stimulus kills 50% of the cells on a dish when ATG12 is knocked down. If autophagy protects against apoptosis, perhaps the amount of death that would have been obtained in the absence of knockdown would have been much less. However, since the ATG12 protein may also have been required for effi cient induction of mitochondrial protein release through a completely diff erent mechanism, e.g. inhibition of antiapoptotic proteins like MCL-1 [33] , the knockdown would at the same time inhibit this eff ect. Th us one could imagine a situation where the balance of pro-and anti-death eff ects of knocking down ATG12 may add up to little overall diff erence in the number of dead cells whether or not it was knocked down.
It is diffi cult to design experiments that discriminate between diff erent eff ects by the same protein. One way is to identify mutant versions of the protein that aff ect one function but not the other. Debnath and colleagues recently used this approach of making such separation of function mutants to show that although ATG12 can be conjugated to ATG3, this does not aff ect autophagy as ATG12-ATG5 does, but rather aff ects mitochondrial homoeostasis and apoptosis [32] . Th e practical problem with this strategy is that mutants that really separate out diff erent functions may be hard to identify; however, this strategy does allow one to at least begin to determine what function of a given autophagy regulator is important for the eff ects that are being measured.
In summary, we already have numerous examples where the same proteins, whether identifi ed initially as an apoptosis regulator or as an autophagy regulator, also regulate the other process. Th is suggests a general model that regulation of both autophagy and apoptosis occurs again and again by the same proteins, but also raises a diff erent potential explanation for the data suggesting that autophagy generally inhibits apoptosis; could some of these cases actually be due to the knockdown of autophagy regulators aff ecting steps in the apoptosis pathway without implicating any requirement for altered autophagic fl ux itself being necessary for the eff ects? Could the sequestration or depletion of a protein like UVRAG that otherwise might be involved in regulating the Beclin1 complex to control autophagosome formation result in less available UVRAG to inhibit BAX-induced apoptosis? Although such mechanisms still indicate that connections between autophagy and apoptosis are important, they lead to a very diff erent view of how autophagy controls apoptosis, i.e. they suggest it may sometimes have nothing to do with the actual process of autophagosome formation, fusion with lysosomes and degradation of the contents.
Concluding remarks
We now have a large amount of evidence showing interactions between autophagy and cell death pathways, particularly the canonical apoptosis pathway. However, their larger signifi cance for normal biology and disease is still unclear and we lack a full understanding of how mechanistically these connections take place. Th e fi rst examples whereby autophagic degradation of specifi c targets such as dBRUCE or caspase-8 can promote or inhibit apoptosis have been found. However, in the vast majority of cases where autophagy appears to regulate apoptosis whether positively or negatively are still unclear in any mechanistic sense. Moreover, the big question, of how autophagy generally regulates the core apoptotic machinery, or even whether it does so, is unresolved. Given the intense focus on this area of research, better understanding of these mechanisms will certainly be obtained in the next few years. Furthermore, this knowledge may help guide the manipulation of these processes to treat diseases where we might want to see more or less cell death.
Summary
• There are some reports which demonstrate that autophagy promotes cell death. Apoptosis-null cells indicate a autophagy-dependent cell death in response to DNA damage agents and overexpression of oncogenic RAS causes apoptosis-independent cell death. Moreover, in Drosophila oocytes, auto phagy is necessary for apoptotic cell death of nurse cells. Therefore auto phagy can be needed for apoptotic and non-apoptotic cell death. 
